ABSTRACT: We report valence and conduction band densities of states measured via ultraviolet and inverse photoemission spectroscopies on three metal halide perovskites, specifically methylammonium lead iodide and bromide and cesium lead bromide (MAPbI 3 , MAPbBr 3 , CsPbBr 3 ), grown at two different institutions on different substrates. These are compared with theoretical densities of states (DOS) calculated via density functional theory. The qualitative agreement achieved between experiment and theory leads to the identification of valence and conduction band spectral features, and allows a precise determination of the position of the band edges, ionization energy and electron affinity of the materials. The comparison reveals an unusually low DOS at the valence band maximum (VBM) of these compounds, which confirms and generalizes previous predictions of strong band dispersion and low DOS at the MAPbI 3 VBM. This low DOS calls for special attention when using electron spectroscopy to determine the frontier electronic states of lead halide perovskites.
T he remarkable progress recently made in the development of halide perovskite (HaP)-based solar cells has spurred considerable interest in the electronic structure of these materials. 1, 2 Interest is amplified by the seemingly simple, solution-based, low-temperature processing that yields HaP films with carrier transport and optical properties comparable to those of standard semiconductors requiring far more constrained and energy intensive processing methods. 3 Research efforts have focused, among other things, on the nature of carrier transport and related electronic structure 4, 5 and the presence of defect states in the gap of these semiconductors. 6−8 The determination of the electronic structure and chemical state of HaP interfaces with carrier extraction/blocking interlayers and contacts, which play a key role in the optimization of devices, has also been a major point of interest. 9−15 In that regard, the electronic structure of the constituent materials, i.e., the energy positions of valence band maximum (VBM) and conduction band minimum (CBM), density of states (DOS) at frontier electronic states, vacuum level (E VAC ), ionization energy (IE) and electron affinity (EA), is of paramount importance for understanding and controlling interfaces and optimizing device performance.
Ultraviolet photoemission spectroscopy (UPS) and inverse photoemission spectroscopy (IPES) are experimental techniques of choice to investigate the semiconductor valence and conduction band DOS, respectively. However, the determination of the VBM and CBM positions for a new material, or for a material affected by structural disorder or defects, is often hindered by the difficulty to distinguish bulk-from surface-or defect-related states, and pinpoint the energy position of the onset of the valence or conduction band states. Early investigations of standard crystalline semiconductor surfaces like Ge(110) or GaAs(110) showed that simulations of photoemission spectra with theoretical VBM DOS could lead to a precise determination of this onset. 16 These studies also showed that a good approximation of the photoemission onset could be obtained from a linear extrapolation to zero of the leading edge of the valence band spectrum. This ad hoc procedure was then widely adopted in the last three decades as a practical approach to photoemission studies of most semiconductors, such as conjugated organic semiconductors and organic/inorganic metal halides. 17, 18 Problems arise, however, for materials that exhibit soft onsets with a nonlinear leading edge of the valence band spectrum, often seen in disordered materials, e.g., polymers, or materials with a significant density of gap states tailing above the VBM. Without theoretical input on the DOS, the determination of the onset on these materials via photoemission becomes difficult and somewhat subjective.
Several groups have reported photoemission spectroscopy data on HaP thin films in the past few years, with the goal of determining electronic parameters (VBM, IE, EA) and the relative position of electronic levels across interfaces. Emara et al. showed significant variations in the IE of methylammonium lead iodide (MAPbI 3 ) as a function of preparation method and film stoichiometry. 19 Miller et al. reported X-ray photoemission spectroscopy (XPS) measurements of the valence band of MAPbI 3 films deposited on various substrates. 20 Schulz et al. reported on UPS and IPES measurements of IE and EA of MAPbI 3 and its bromide analogue, MAPbBr 3 , and associated interfaces. 9, 10 The data presented in the Supporting Information of this earlier MAPbI 3 study 9 pointed to the difficulty of evaluating the IE of these materials based on photoemission data, and the need to carefully look at the DOS in order to pinpoint the VBM position.
The present work expands on this point by presenting a combined experimental−theoretical investigation of the DOS of several organic/inorganic metal halides. In addition to providing an identification of the origin of valence and conduction band features, the theoretical simulation of the data helps locate the energy positions of the VBM and CBM and determine IE and EA of organic/inorganic lead halides MAPbI 3 , MAPbBr 3 , and cesium lead bromide (CsPbBr 3 ). The combination of valence band experimental and theoretical spectra shows that the DOS at the VBM is remarkably low compared to other semiconductors used in photovoltaics, such as Si or GaAs. 16, 21 The simple linear extrapolation procedure outlined above, and performed on standard UPS spectra of these materials, misses the VBM and results in an overestimation of IE. The problem is largely corrected by using a logarithmic detection of the photoemission signal, which emphasizes the low DOS part of the valence band photoemission spectrum. By judicious comparison to theoretically computed DOS, based on density functional theory (DFT), it allows for a more accurate definition of the photoemission onset.
Experimental valence band (UPS, He I) and conduction band (IPES) spectra taken on MAPbI 3 , MAPbBr 3 and CsPbBr 3 samples made at the Weizmann Institute of Science (WIS) are compared with theoretical simulations in Figures 1−3 . The experimental plots are obtained from the UPS and IPES data following subtraction of a cubic spline background (not shown here). Both UPS and IPES energy scales are referenced to the Fermi level E F (0 eV), measured separately on a metallic surface in electrical contact with the samples. The energy of the UPS and IPES electrons involved in probing the valence and conduction bands is in the 5−15 eV range, making these techniques sensitive to the top 3 to 4 lattice planes of the material. The valence and conduction band data can therefore be considered as comprising strong contributions from both the surface and bulk DOS of the material. 
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The alignment between experimental and theoretical features is obtained by first shifting the computed VBM and CBM DOS (independently), and stretching them (by <10%), as well as broadening the computed data to experimental resolution, so as to align the main theoretical features with those from experiment. This procedure is well-known to be justified theoretically by a dominantly linear correction between Kohn− Sham eigenvalues and quasi-particle energies, and has been found to be very useful in practice, as discussed previously from various perspectives.
22 −26 Further details of the procedure are given in the theoretical section. Next, the magnitudes of the UPS and IPES spectra are normalized so as to match the relative magnitude of the corrected DFT DOS near the valence and conduction band edges. The independent shift of the DFT occupied and unoccupied DOS is then fine-tuned to match the valence and conduction band edges of the experimental spectra as closely as possible. Additional details on the alignment procedure are given below when considering the logarithmic representation of the data. The vacuum level (E VAC ) and work function (ϕ), determined from the photoemission cutoff (not shown here), and the position of the VBM are indicated for each material. 
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Several minor experimental features are not reproduced by the simulation, particularly the 6.6 eV shoulder in the MAPbI 3 valence band, the slight misalignment of the MA features in MAPbBr 3 , and the 7.5 and 9.4 eV shoulders in CsPbBr 3 . The origin of these features and the reasons for the discrepancies are unknown at this point, although defects in film structure are likely to have an impact on the details of the DOS. 27 However, some information can be gathered from the superposition of the UPS and IPES spectra of MAPbI 3 and CsPbBr 3 grown at the WIS and at Princeton University (PU), as shown in Figure  4a ,b. To facilitate the comparison, the spectra are aligned with respect to the VBM, rather than the Fermi level position, which depends for each film on the substrate work function and on the processing conditions. 10 Very good agreement is obtained between these samples of different origin and preparation, including the features not reproduced by theory. While we cannot rule out that these features are intrinsic to the perfect materials, they are more likely linked to defects or different phases known to be present in some concentration in HaP films, 28, 29 but absent from the theoretical simulation that assumes a perfect HaP crystalline structure. Given the surface sensitive nature of UPS and IPES, surface contamination and/ or atomic reconstruction could also be responsible for some of these features. All samples exhibit small levels of adventitious carbon and oxygen on the surface, as measured with XPS, although less so for the PU samples, which were prepared in nitrogen and transferred under nitrogen directly to vacuum. Furthermore, XPS measurements reveal some differences in composition, for example with Cs:Pb:Br normalized core level ratios approximately equal to 0.9:1:2.1 and 1.7:1:3.1 for the WIS and PU samples, respectively, and deviating somewhat from the ideal 1:1:3. Note that these numbers might be disproportionately influenced by the termination at the very top surface of the film, which is certainly influenced by the details of processing. Still, the spectra displayed in Figure 4a ,b demonstrate that two groups at two different institutions using different procedures can produce HaP films with overwhelmingly similar electronic features, in particular with regards to the electronically all-important DOS at the band edges.
Expanded views of the top of the valence band of each perovskite are presented in Figure 5 . The position of the top of the valence band, extracted from the analysis presented below, is indicated in each case. Both experimental data and theoretical simulations point to an unusually low DOS at the VBM, in all cases, as evidenced by the shallow slope at the onset of occupied states. We emphasize that the low photoemission intensity recorded at the VBM is not an experimental artifact of UPS. In fact, the photoionization cross sections for the Br 4p, I 5p and Pb 6s and 6p levels, which dominate the DOS at the top of the valence band, are actually nearly maximized for the He I photon energy used here, 30 and are several orders of magnitude larger than those corresponding to high energy (≥1 keV) photons. This peculiar aspect of the occupied DOS was already recognized in theoretical investigations on MAPbI 3 .
31,32 Kawai et al., in particular, showed a large dispersion due to the strong coupling between I 5p and Pb 6s antibonding orbitals, resulting in a low DOS at the top of the MAPbI 3 valence band. 31 Here, we show that this peculiar aspect is intrinsic to the family of lead-halide perovskites, being largely independent of the nature of A-and X-site ions. From an experimental point of view, the low DOS makes the determination of the VBM via photoemission spectroscopy more difficult for these materials, and precludes, in particular, the conventional use of a simple linear extrapolation of the photoemission onset as means to determine the top of the valence band. As a case in point, recent analyses making use of the linear extrapolation concluded that the VBM position is located at 1.7 eV below the Fermi level for MAPbI 3 , which is too large for a 1.55−1.6 eV gap semiconductor, 19, 20 or reported excessive IEs, EAs and exciton binding energies for different methylammonium lead halides. 33 Similarly, a linear approximation of the top of the valence band for the data presented here would also yield excessive E F − VBM (IE) values equal to 1.80 eV (5.79 eV), 2.6 eV (6.57 eV) and 2.35 eV (6.47) for MAPbI 3 , MAPbBr 3 , and CsPbBr 3 , respectively. We further note that a recent investigation of quantum dots of a different Pb-containing compound, PbS, similarly concluded that the DOS at the top of the valence band is too low for the determination of the VBM using standard linear extrapolation of UPS/XPS data. 34 The strong tailing at the VBM is thus a further similarity between the electronic structure of HaPs and lead-chalcogenides. 3 We address this issue by analyzing photoemission and inverse photoemission data recorded on a logarithmic scale, with an emphasis on spectral regions of low intensity, as already employed by Schulz et al. in their analysis of the electronic structure of MAPbI 3 and MAPbBr 3 interfaces. 9 Experimental data and theoretical simulations plotted in logarithmic scale are compared in Figures 1b, 2b , and 3b. In all three cases, the excellent fit between experiment and theory at the valence band edge after the alignment procedure explained above allows for a clear definition of the VBM, at a point where the photoemission intensity is more than two and a half orders of magnitude smaller than the first valence band peak. The close fit between IPES experiment and simulation near the bottom of the conduction band leads to energy gaps for MAPbI 3 and MAPbBr 3 that are within experimental resolution of the expected band gaps of 1.55 and 2.3 eV for these materials, respectively, with no evidence of a significant density of gap 
Letter states. For CsPbBr 3 , on the other hand, the fit between experiment and simulation appears to signal a density of states tailing below the CBM, with spectral intensity nearly 2 orders of magnitude smaller than at the top of the first significant peak at −2.5 eV. The origin of this small density of tail states is unknown, but could be related to defects or multiphases present in our films. The presence of tail states also appears to be consistent with the larger than usual separation between E C and E F (0.6 eV) compared to the two methylammonium lead iodide and bromide counterparts (0.33 and 0.24 eV), when deposited on a low work function substrate like TiO 2 .
The lack of gap states and noise in the simulated spectra make them well suited for determining the VBM and CBM positions as well as the IE and EA values for each material. Given that the exciton binding energy in these materials is small compared to the experimental energy resolution of UPS and IPES, 2,35−39 the transport gap measured with these techniques should correspond to the optical gap for each material. Therefore, after aligning the occupied and unoccupied DFT results to achieve best fit with the experiment in both linear and log scales, the VBM and CBM are determined by finding the points on the valence and conduction band spectra that are separated by an energy equal to the known optical band gap. It is important to note that the electronic parameters reported herein, e.g., IE, EA or ϕ, presented in insets in Figures 1−3 and summarized in Table 1 , can vary with material processing. As an extreme example, Emara et al. reported excursions of the value of IE of MAPbI 3 by more than 600 meV as a function of compositional variations, depending on whether the materials were formed under excess MAI or excess PbI 2 . 19 Furthermore, postprocessing environmental history of the film, as well as measurement probes (UV or X-ray photons, electrons, etc.) and measurement times can cause variations in surface composition, 40, 41 often leading to the appearance of metallic Pb. 42 Although the films investigated here are largely free of metallic Pb (Figures S1 and S2) , composition variations, when present, affect the electronic parameters and must be carefully considered when working on these materials. The numbers extracted from the present analysis are in accord, within experimental resolution, with numbers previously published for MAPbI 3 and MAPbBr 3 . 9 The difference between the MAPbBr 3 and CsPbBr 3 IEs and EAs appear to be beyond the range of experimental uncertainty and could originate with the details of surface termination of the films.
As a final note, the low DOS at the VBM of the materials investigated here is a characteristic that is likely common to all Pb halide perovskites and other Pb-containing compounds as well. This tailing of the DOS implies that the dispersion at the band edge of this class of materials is nonparabolic, as noted by Brivio et al., 4 with significant impact on carrier scattering and transport, specifically for hot carriers. 31 Beyond the critical issue of correctly determining band edge positions and all energetics of HaPs and their interfaces, the importance of mapping the details of the electronic structure of these materials in order to understand the behavior of devices cannot therefore be overstated.
In summary, we presented here what we believe to be the first comparison between photoemission and inverse photoemission (obtained from samples grown at two different institutions) and DFT-based computations of three metal halide perovskites: MAPbI 3 , MAPbBr 3 and CsPbBr 3 . Excellent agreement is obtained between theory and the properly analyzed experimental data, allowing a clear definition of the origin of the main spectral features and the position of valence and conduction band edges. This yields the transport gap, critical for the optoelectronic behavior of these materials. The experimental results are found to be independent of the source and preparation process of the materials. We find a remarkably low DOS at the VBM of all three materials, confirming previous theoretical computations for MAPbI 3 . This result, now extended to additional HaPs, is consistent with strong band dispersion at the VBM due to the coupling between halide p and Pb s antibonding orbitals. The detailed investigation of UPS data around the band edges confirms the absence of significant densities of states tailing into the HaP gaps, with the possible exception of a small DOS tailing below the CsPbBr 3 CBM. Further analysis on a range of samples will be necessary to confirm this point.
■ EXPERIMENTAL METHODS
Electron spectroscopy was performed in an ultrahigh vacuum (UHV) analysis chamber (base pressure 10 −10 Torr) equipped with an introduction system allowing sample transfer from a nitrogen glovebox without ambient exposure. The analysis chamber was equipped with a He discharge lamp that produces the two standard radiation lines He I (21.22 eV) and He II (40.8 eV) for UPS. Electrons were detected with a double-pass cylindrical mirror analyzer, yielding an overall resolution for the UPS measurements of 0.15 eV. IPES was performed in the same chamber, in the isochromat mode using a setup described elsewhere. 43 The overall resolution of the IPES measurements was 0.45 eV. UPS and IPES measurements were performed in sequences designed to minimize photon and electron irradiation time and impact on the electronic structure of the films. Considerable care was taken to minimize all exposure times (to UV or electrons) and to improve the signal-to-noise ratio by averaging measurements over multiple nonpreviously irradiated points of the samples. Surface contamination and sample stoichiometry were investigated via XPS (e.g., for CsPbBr 3 , Figure S1 ) after all UPS and IPES measurements were completed, in order to not affect the electronic structure results. Finally, the position of the Fermi level was obtained from the Fermi step measured in both UPS and IPES on a gold surface in electrical equilibrium with the sample.
HaP films with thickness of 200−300 nm were formed via solution-based procedures at the WIS and PU. Detailed fabrication procedures for the WIS MAPbI 3 and MAPbBr 3 samples (prepared by one-step solution spin-coating) have been given elsewhere. 44−46 The WIS CsPbBr 3 films were prepared by two-step solution spin-coating on compact TiO 2 on ITO. Indium-doped tin oxide (ITO) transparent conducting substrates (Xinyan Technology, XY10S) were cut and cleaned by sequential 15 min sonication in warm aqueous alconox solution, deionized water, acetone, and ethanol, followed by drying in a N 2 stream. After a 10 min O 2 plasma treatment, a The Journal of Physical Chemistry Letters Letter compact ∼60 nm TiO 2 layer was applied to the clean substrate by spray pyrolysis of a 30 mM titanium diisopropoxide bis(acetylacetonate) (Sigma-Aldrich) solution in isopropanol using air as the carrier gas on a hot plate set to 450°C, followed by a two-step annealing procedure at 160 and 500°C, each for 1 h in air. The CsPbBr 3 films were prepared by spin coating. 0.8 M of PbBr 2 and CsBr (Sigma-Aldrich) in DMSO were stirred on a hot plate at 75°C for 1 h in ambient and then filtered using a 0.45 μm pore size PTFE filter and immediately used. The solution was kept at 75°C during the spin-coating process.
For preparation of the CsPbBr 3 film, the solution was spincoated on preheated (75°C) substrates for 10 s at 500 rpm, 15 s at 1500 rpm, 7 s at 3500 rpm and finally 10 s at 5000 rpm. During the third spin step, 2-propanol was dropped on the spinning substrate. It was then dried on a hot plate at 70°C for 15 min. Samples were packaged under nitrogen and sent to Princeton for UPS/IPES analysis, where they were transferred under nitrogen directly into vacuum. The PU MAPbI 3 and CsPbBr 3 samples were processed as follows: MAI was synthesized by mixing ethanol:methylamine (Sigma-Aldrich) and aqueous HI (Sigma-Aldrich, stabilized) solutions together (equimolar methylamine to HI). The MAI was washed with an ethanol:ether solvent mixture and rotovaped several times to remove the HI stabilizer. Precursor solutions were prepared by mixing PbI 2 (Sigma-Aldrich, ≥ 98%) and MAI powders in a 1:1 molar ratio with N,Ndimethylformamide (DMF, Sigma-Aldrich, 99.8% anhydrous) in a single vial to obtain the desired concentrations. Solutions were stirred for at least 30 min. Inorganic CsPbBr 3 (PbBr 2 and CsBr from Sigma-Aldrich, ≥ 98% and 99.9%, respectively) solutions were prepared in dimethyl sulfoxide (DMSO, SigmaAldrich, 99.9%) at 0.5 M concentration and stirred until precursors were fully dissolved. Films were spin coated onto ITO substrates. A 200 nm PTFE filter was used to remove large aggregates prior to spinning. A solvent exchange technique using toluene for the methylammonium perovskite and chloroform for the solvent exchange with DMSO for the cesium perovskite was employed to obtain smooth films with surface RMS of less than 6 nm. 47 The MAPbI 3 and CsPbBr 3 films were annealed at 75 and 100°C, respectively, for 10 min. Solution preparation and film fabrication were done in a glovebox with an N 2 atmosphere. Samples were transferred under nitrogen directly to vacuum for UPS/IPES measurements.
■ COMPUTATIONAL METHODS
We performed periodic DFT calculations using the planewave VASP code. 48 Convergence criteria of 10 −6 eV per unit cell for the total energy in the electronic self-consistent cycle and 10 −2 eV/Å for optimizing the forces and unit-cell parameters have been used. Core−valence electron interactions were treated within the projector-augmented wave (PAW) formalism 49 using the "normal" (i.e., not "soft"), program-supplied PAW potentials. For Pb, we treated the 5d electrons explicitly. Spin− orbital coupling (SOC) effects, already known to be important for accurate treatment of the electronic structure of metalhalide perovskites, 4, 35 were accounted for within the noncollinear magnetism framework of the VASP code, 50 unless explicitly noted otherwise.
For optimizing the lattice parameters, we employed our previously reported strategy, 51 with which we achieved very good agreement between theoretically calculated and experimentally measured structural properties of HaPs: First, exchange and correlation were treated at the generalizedgradient approximation level using the Perdew−Burke− Ernzerhof (PBE) functional, 52 augmented by pairwise dispersive corrections with the Tkatchenko-Scheffler scheme 53 as implemented in VASP. 54, 55 To compute accurate stresses, the valence-electron wave functions were expanded on a relatively large planewave basis, using a kinetic-energy cutoff of 700 and 400 eV for the MA and Cs based systems, respectively. In these lattice optimizations, performed with the GADGET tool, 56 we did not account for SOC, as this has been shown to have a negligible effect on the calculated lattice parameters of leadhalide perovskites. 51 8 × 8 × 8 Γ-centered k-point grids were used for the pseudocubic cell of MAPbBr 3 , and 6 × 6 × 4 Γ-centered grids for the tetragonal and orthorhombic unit cells of MAPbI 3 and CsPbBr 3 , respectively. For all investigated systems, the structural properties obtained in that fashion are in excellent agreement (deviations of lattice parameters <1%) with experimental data.
Finally, to compute the DOS, we used the screened hybrid functional of Heyd, Scuseria and Ernzerhof (HSE), 57, 58 which can partially (but not fully) correct for the underestimated DFT band gap and restore some of the "stretching" often needed to align a DFT-computed eigenvalue spectrum with experimental UPS data. To reduce the computational complexity, we evaluated the Fock-like contributions in our HSE calculations on k-grid densities reduced by 50%, and verified that this has no significant effect on the DOS. The HSE gaps were found to be 1.2, 1.5, and 1.5 eV for MAPbI 3 , MAPbBr 3 , and CsPbBr 3 , respectively, i.e., substantially smaller than the experimental values reported in Table 1 . After self-consistency, the occupied and unoccupied parts of the computed DOS were shifted independently by a constant energy and stretched (by 3%, 5%, and 9% for the valence band of MAPbI 3 , MAPbBr 3 and CsPbBr 3 , respectively, no stretch for the conduction bands) so that the main features align with those from experiment. To further ease the comparison between theory and experiment, we additionally broadened the theoretical DOS by a Gaussian with a width of 0.3 eV.
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